Abstract-The Y-source converter is one of the recent proposed impedance source converters. It has some advantages as having a high voltage gain between the input and output voltage sides using very small duty cycle ratios. For many applications, the input voltage needs to be boosted to higher output voltage, such as for fuel cell, battery electric vehicles and renewable energy applications. Understanding the loss distribution and thermal performance is very important in order to be able to design a reliable converter with longer lifetime. In this paper, the loss distribution of a Y-source converter for a wide voltage and power range is presented. The influence of the heat losses generated in the converter is also considered for different analysis. A simulation model is developed and verified experimentally rated at 300 W.
I. INTRODUCTION
Power converters have been used in many renewable energy applications [1] and more recently with electric vehicles [2] and fuel cell applications [3] , which require high voltage gain. Researchers have claimed that impedance source converter has its uniquely advantages such as, having a high voltage gain in the small range of duty cycle and more degree of freedom for setting the voltage gain as needed for a specific application. A collective investigation has been achieved for the Y-source converter [4] , [5] and compared with other [6] (conventional boost and Z-source) converters with respect to the thermal and efficiency performances. However, to our knowledge the loss distribution has not been validated experimentally yet. The Y-source converter circuit diagram and it's two modes of operations are shown in Fig. 1 . It is realized by a threewinding coupled inductor (N 1 , N 2 , and N 3 ), an active switch SW, two diodes (D 1 , D 2 ), a capacitor C 1 [6] , [7] . Due to the discontinuity nature of the current in winding N 1 , an input capacitor was added in the prototype to smoothen the input current. However, other variations of the Y-source converter which provide a constant input current also exist [8] .
II. METHODOLGY
In order to analyse the loss distribution and the efficiency of the converter a prototype of the Y-source converter has been built at 300 W rated power which is shown in Fig. 2(a) . The thermal image of the converter shown in Fig. 2(b) reflect the case temperature of all the components in the converter during operation. FLIR thermal camera is used, where it is seen that the highest temperature is of the switch (MOSFET) which indicates a high loss.
In Table I all parameters used in both the simulation model and the prototype design are shown. For the inductor characteristics, an MPP core [9] type used, which has the advantage of having lower losses than other types as ferrite cores. Different power loadings are considered for the loss distribution investigation. These losses can be listed as switching, conduction, capacitor ESR, core and winding losses [6] [10] .
In Table II the design formulas of the passive elements (inductor and capacitor) are shown.
Furthermore, the thermal performance is also considered, since the junction temperature [11] is an important parameter as it affects the lifetime of the converter. PLECS toolbox is used in the results of the simulation model with different loading powers as shown in Fig. 3 .
It is to be noted that the heat losses of the switch and the two diodes also is included in the simulation model in order to investigate the junction temperature.
All analysis are performed under the same operating conditions considering the ambient temperature 25
• C, the switching 
LN: Nominal inductance, Llik: leakage inductance, K: winding factor frequency 20 kHz and the voltage gain (G=4) as listed in Table  I .
III. EVALUATION OF POWER LOSSES AND THERMAL

PERFORMANCE
In this section, all the equations used in calculating the relevant power losses are presented [6] , [12] . PLECS toolbox is used for the Y-source converter analysis. Loss models are developed in PLECS and compared with the losses equations to map the losses in the simulation model.
A. Switching and conduction losses calculations
1) The MOSFET switching losses are a function of the load current and the switching frequency. The switching losses P sw are expressed in (1) as:
where V ds which is the drain to source voltage, I sw which is the switch (drain) current, f sw is the switching frequency, Q GS2 is the gate source charge and Q GD is the gate drain charge, and I G is the gate current.
2) Conduction losses occur when the device is in full conduction mode. Neither of these losses are a function of the switching frequency. The conduction losses P cond are expressed in (2) as:
where R ds(on) is the resistance of the selected MOS-FET, I sw(RM S) is the root mean square current passing through the MOSFET.
B. Capacitor ESR losses calculations
The Equivalent Series Resistance (ESR) is a parameter, which models the total effect of a large set of energy loss mechanisms in the capacitor occurring under the operating conditions through a certain value of a resistance. So the capacitors ESR losses are expressed in (3) as:
where I cap. is the rms current passing through the capacitor, and ESR is the equivalent series resistance measuring the effect of the losses dissipated in the capacitor.
C. Winding and core losses calculations
1) The winding losses are the energy dissipated by the resistance of the wire in the coil. It can be classified into two types of losses (DC and AC winding loss). The DC winding losses can be calculated in (4) as:
where, P DC is the DC copper losses in the winding, I av is the average current passing through the wire, and R DC is the DC resistance of the wire.
2) AC winding losses can be significant for large current ripple and also for high frequency. It can be calculated through the skin effect, where the current density is an exponentially decaying function of the distance into the wire, with a characteristic length δ, which is known as the skin depth. In order to calculate the AC resistance R AC , the thickness h of the wire should be known since it is a function of the DC resistance R DC which can be calculated in (5):
where, h is the thickness of the wire in cm and δ is the skin depth. The AC winding losses can be calculated as given in (6):
Where, P AC is the AC winding loss, I AC−rms is AC ripple RMS current passing through the wire, and R AC is the AC winding resistance.
3) According to Steinmetz's equation, which is used to calculate the core loss of magnetic materials due to magnetic hysteresis, the core losses is expressed in (7) as:
whereB is the peak flux density excitation with frequency f , P v is the time-average power loss per unit volume, and the parameters (α, β, k) are related to the material.
IV. SIMULATION AND EXPERMINTAL RESULTS
According to the loss distribution shown in Fig. 5 of the pie chart, and the thermal image shown in Fig. 2(b) the switch (MOSFET) is the most critical component in the Y-source converter as 76% of the total losses are generated from the switch. Therefore, it is decided to focus on validating the switch loss in the prototype.
As stated earlier, the loss calculations in the Y-source simulation model are performed through PLECS toolbox. Since the power losses of the switch could not be measured directly, the total switch loss is calculated based on the switch voltage and current measurements. Therefore, in order to validate the loss calculations in the Y-source prototype converter, the switch voltage (v ds ) and current (i sw ) waveforms obtained from the prototype are processed in Matlab as shown in Fig. 4 .
A. Simulation results
In this section, starting with the initial condition as a dc input voltage source powering the converter where, V in = 60 V and an input capacitor C in is added in order to smoothen the input current signal and at the same time the current passing through the winding N 1 , due to the discontinuity nature of the input current i in of the Y-source converter. Fig. 5 provides more detailed analysis for the amount of losses in the simulated converter at 300 W rated power and four times voltage gain. The results indicate that the switch losses is sharing 76%, the total conduction losses of the two diodes (D 1 and D 2 ) is 6%, the capacitor loss is 15%, and the heat loss generated from the winding loss is only 3%.
Furthermore, it is noted that reducing the power level from 300 W to 100 W has a significant influence on the loss reduction of the switch.
The results in Fig. 6 shows the losses distribution for the simulated converter at three power levels (100 W, 200 W, and 300 W) and two different voltage gains (3 and 4) . The switch losses indicated in this figure are for the total losses (switching and conduction loss) generated from the MOSFET, the diodes loss is the total losses for (D 1 and D 2 ). In the winding loss, only the DC winding loss is presented since the AC winding loss is minimal so it is neglected. It can be seen from the losses distribution that the losses of the switch is the highest power loss at different power levels and voltage gains. 
B. Experimental results
The obtained waveforms are captured by a 100 MHz digital phosphor oscilloscope (DPO2014) from Tektronix. In Fig. 7 different experimental currents and voltage waveforms located in the converter are presented where they are as expected under the same conditions as listed in Table I , 300 W rated power and four times gain. The input and output sides are shown ((v in ), (i in ), (v out ) and (i out )), where it matches the simulated waveforms.
In order to be able to verify the loss distribution in the Ysource converter, the measurements of the voltage and current passing through each component need to be known. Since the switch loss is the highest generated loss in the converter, two steps are taken for the validation.
First, measuring the general efficacy of the prototype output/input sides. Second, specify closer analysis for the switch losses and its thermal behaviour by including a case/junction temperature measurement.
In the first criteria, the total efficiency of the converter can be measured in both the simulation model and in the prototype from Fig. 7 where the output/input signal can be easily assign the efficiency to be (P out )/(P in )= 84%, while in the simulation model it is equal 86%. The total switch current can be measured through the math operation in the oscilloscope and compared with simulated one to verify the total switch loss as shown in Fig. 6 . The value of the obtained switch current (i sw ), which can be seen in Fig.  8 from the prototype, matches with the switch current in the simulation model and as well the same average power loss generated for the total loss of the switch. In the simulation model the total switch loss is 36.5 W, and the measured average power loss from the processed data through Matlab is 38.5 W.
Moreover, the case temperature (54.3
• C) of the switch, which can be seen in the thermal image shown in Fig. 2b matches with the expected calculated value of the simulated junction temperature (62.3 • C) while using the same heat sink in both the simulation model and the prototype.
V. CONCLUSION In this paper an investigation of the Y-source converter has been performed with respect to its thermal behaviour and loss distribution. The results show that the Y-source converter operates with high voltage gain and small duty cycle ratio. It is observed that the Y-source converter experiences high current stress in its switch, which therefore has the highest risk and must be sized appropriately. Loss distribution and case temperature measurement with respect to 300 W power level at the same ambient temperature is performed. Most of the losses in the converter was in the switch. Different power levels have been analyzed and the total power loss of the switch has been verified experimentally. The Y-source converter prototype behaves as expected compared with the simulation model.
